A prominent middle Eocene warming event is identified in Southern Ocean deep-sea cores, indicating that long-term cooling through the middle and late Eocene was not monotonic. At sites on Maud Rise and the Kerguelen Plateau, a distinct negative shift in ␦ 18 O values (ϳ1.0‰) is observed ca. 41.5 Ma. This excursion is interpreted as primarily a temperature signal, with a transient warming of 4 ؇C over 600 k.y. affecting both surface and middle-bathyal deep waters in the Indian-Atlantic region of the Southern Ocean. This isotopic event is designated as the middle Eocene climatic optimum, and is interpreted to represent a significant climatic reversal in the midst of middle to late Eocene deep-sea cooling. The lack of a significant negative carbon isotope excursion, as observed during the Paleocene-Eocene thermal maximum, and the gradual rate of high-latitude warming suggest that this event was not triggered by methane hydrate dissociation. Rather, a transient rise in pCO 2 levels is suspected, possibly as a result of metamorphic decarbonation in the Himalayan orogen or increased ridge/arc volcanism during the late middle Eocene.
INTRODUCTION
The middle to late Eocene interval (49-34 Ma) was a globally important transition period from greenhouse to icehouse conditions. Sustained warming occurred during the early Eocene climatic optimum (53-49 Ma), followed by substantial deep-sea cooling (ϳ7 ЊC) through the middle and late Eocene (Miller et al., 1987; Zachos et al., 2001 ). Yet, aside from the final step of this global climatic shift near the Eocene-Oligocene boundary (Oi-1 event; Zachos et al., 1996) , there are very few highresolution, deep-sea isotope records documenting the details of middle to late Eocene cooling. As a result, it is unclear whether this transition was gradual or step-like and whether climate was stable or unstable.
Currently, only one moderate-resolution stable isotope record that spans the middle to late Eocene interval is available from a Southern Ocean site (Ocean Drilling Program [ODP] Site 689; Diester-Haass and Zahn, 1996) . This record shows evidence of subtle anomalies in ␦ 18 O trends, including one near 41 Ma (DiesterHaass and Zahn, 1996) . This event at 41 Ma also appears in a low-resolution record at Site 738 (Barrera and Huber, 1993) , and thus may represent a transient-warming event in the region. The objective of this study was to first determine whether this middle Eocene isotope anomaly occurs throughout the Southern Ocean, in both surface and bottom waters, and if so, to better resolve its structure in the context of the long-term isotopic record.
METHODS
Stable isotope measurements were performed on Micromass Prism and Optima mass spectrometers fitted with Autocarb devices. Cibicidoides spp. (an epifaunal benthic foraminiferal genus) and fine-fraction separates (Ͻ10 m) were analyzed from middle and upper Eocene intervals of Holes 689B, 738B, and 748B. NBS-19 and Carrara Marble (an in-house standard) were measured to evaluate external precision. Analytical precision is estimated at 0.037‰ (1) for ␦ 13 C and 0.058‰ (1) for ␦ 18 O.
Benthic foraminiferal and fine-fraction isotope time series were constructed at ODP Sites 689, 690, 738, 744, and 748, located in the Atlantic and Indian sectors of the Southern Ocean on Maud Rise and the Kerguelen Plateau (Fig. 1) . Sites 689, 744, and 748 were positioned at ϳ1500-1800 m water depth in the middle to late Eocene, whereas Sites 690 and 738 were positioned slightly deeper at ϳ2000-2500 m (Kennett and Stott, 1990; Coffin, 1992) . Compiled stable isotope data sets include both new data generated in this study (Tables DR1-DR3 1 ) and previously published data (Kennett and Stott, 1990; Huber, 1991, 1993; Mackensen and Ehrmann, 1992; Zachos et al., 1992 Zachos et al., , 1994 Zachos et al., , 1996 Mead and Hodell, 1995; Diester-Haass and Zahn, 1996; Vonhof et al., 2000) . Agedepth models for Holes 689B, 690B, 738B/C, 744A, and 748B (Tables DR4-DR8 ; see footnote 1) were constructed using all available biostratigraphic and magnetostratigraphic data (see notes in Appendix DR1; see footnote 1). 
RESULTS
High-resolution records are not yet developed for the entire interval between 50 and 32 Ma, but the data set is currently detailed enough to identify several distinct events and trends in the middle to late Eocene stable isotope records (Fig. 2) . Fine-fraction and benthic foraminiferal ␦ 18 O time series show an excellent coherency between sites, although some features appear to be amplified and/or better resolved in the fine-fraction record from Site 748 (Fig. 2) (Fig. 2) .
Fine-fraction and benthic foraminiferal ␦ 13 C records are also relatively coherent through the middle Eocene to earliest Oligocene interval (Fig. 2) . Elevated ␦ 13 C values are observed between ca. 42.2 and 41.0 Ma. The general increase in ␦ 13 C through this interval, however, was interrupted by a brief ϳ0.5‰ excursion at 41.4 Ma, which corresponds to a ␦ 18 O minimum in all records (Fig.  3) . Elevated ␦ 13 C values between ca. 42 and 41 Ma were followed by a decrease in ␦ 13 C between ca. 41.0 and 36.5 Ma. A synchronous ␦ 13 C increase (ϳ0.8‰ shift) is observed ca. 36.5 Ma (Fig. 2) .
INTERPRETATION
Foraminiferal ␦ 18 O values record both temperature variation and changes in the oxygen isotope composition of seawater (␦ 18 O seawater ). Therefore, assumptions regarding ice volume are required to estimate temperatures, even for the middle Eocene when continental ice sheets were either small or absent. Temperature estimates based on Mg/Ca ratios indicate the development of no more than 25% modern ice volume in the late middle Eocene (Billups and Schrag, 2003) (Figs. 2 and 3) and is interpreted as an episode of regional warming that affected the Indian and Atlantic sectors of the Southern Ocean. An excursion of ϳ1.0‰ is noted in fine-fraction and benthic ␦ 18 O records during the middle Eocene climatic optimim (Fig. 3) , suggesting 4 ЊC warming of both surface and intermediate deep waters (1000-2000 m) . Age models currently applied to Sites 689, 738, and 748 indicate that the event was ϳ600 k.y. in duration. The fine-fraction ␦ 18 O records, however, suggest that peak warming persisted longer in surface waters than in deep waters (Fig. 3) . Additionally, high-resolution ␦ 18 O data from Sites 738 and 748 indicate that the middle Eocene climatic optimum began with gradual bottom-water warming and ended with abrupt cooling at the termination of the event (Fig. 3) .
Peak warming during the middle Eocene climatic optimum event was followed by a 1.8‰ increase in benthic ␦ 18 O values between ca. 41 and 37 Ma (Fig. 2) . If ϳ0.4‰ of this increase is attributed to ice volume (Lear et al., 2000; Billups and Schrag, 2003) , then a minimum of ϳ6 ЊC of cooling must have occurred between ca. 41.5 Ma (peak warming of the middle Eocene climatic optimum) and ca. 37 Ma. Although it is possible that the icevolume contribution exceeded 0.4‰, particularly during the rapid excursions, there are insufficient independent data at present to constrain short-term variation.
SIGNIFICANCE
Stable isotope data from Southern Ocean sites reveal anomalous temperature variability during the middle and late Eocene. The ca. 41.5 Ma middle Eocene climatic optimum event is interpreted to represent an important climatic reversal in the midst of long-term cooling in the middle to late Eocene, indicating that this trend was not entirely monotonic. If global in nature, the middle Eocene climatic optimum would represent one of the more rapid global warming events of the Cenozoic. Regardless of its full global extent, the middle Eocene climatic optimum is clearly an important event in the regional climatic history of the Indian-Atlantic region of the Southern Ocean (Fig. 2) . The rapidity and magnitude of warming (4 ЊC) imply that this climatic event dramatically affected both Southern Ocean biological communities and the coastal environments of Antarctica and Australia.
Other records from the region provide support for a wider climatic influence of the middle Eocene climatic optimum, although a direct correlation cannot yet be established. A period of high sea level and warm temperatures in the late middle Eocene is indicated by widespread carbonate deposition in shelf areas and an expansion of tropical foraminiferal assemblages to middle and high latitudes of the Indo-Australasian region (McGowran, 1977) . A late middle Eocene highstand is particularly well represented in neritic carbonates of southern Australia and is interpreted as an interval of significant warming (McGowran et al., 1997) .
WARMING MECHANISM
Long-term cooling through the Eocene has been attributed to paleogeographic changes, mountain building, and declining pCO 2 levels (e.g., Barron, 1985; Chung et al., 1998) . Separation of Australia and Antarctica through the Paleogene contributed to the thermal isolation of Antarctica (Kennett, 1977) and eventual development of circumpolar circulation in the early Oligocene (Lawver and Gahagan, 2003) . This paleogeographic change, however, was most likely not the primary mechanism for Eocene global cooling, as the majority of cooling occurred in the middle Eocene well before the opening of the Tasmanian and Drake Passage gateways. Alternatively, atmospheric pCO 2 may be an important driver of long-term climate change. Alkenone and boron isotope reconstructions indicate high pCO 2 (Ͼ2000 ppmv) in the Paleocene and early Eocene, decreasing to near-modern values (Ͻ500 ppmv) in the Neogene (Pagani et al., 1999; Pearson and Palmer, 2000) . Longterm changes and/or rapid fluctuations in pCO 2 may be of critical importance in the Eocene-Oligocene interval. Boron isotopebased estimates, for example, indicate highmagnitude shifts in pCO 2 from 55 to 40 Ma (Pearson and Palmer, 2000) , but no data are currently available between ca. 40 and 25 Ma.
At Sites 738 and 748, a progressive decline in ␦ 18 O values indicates gradual warming during the initiation of the middle Eocene climatic optimum event (Fig. 3) . The ␦ 13 C values increase though this interval and remain relatively stable through the event, except for a brief negative excursion (ϳ0.5‰) during the final stages of warming (Fig. 3) . In contrast, major warming during the Paleocene-Eocene thermal maximum ca. 55 Ma is characterized by a high-amplitude, negative ␦ 13 C excursion, which is hypothesized to have resulted from methane hydrate dissociation and the massive input of 12 C-enriched carbon to the oceanatmosphere system (Dickens et al., 1995) . The middle Eocene climatic optimum clearly differs in character from the Paleocene-Eocene thermal maximum. An increase in ␦ 13 C values during the initial stages of middle Eocene climatic optimum warming suggests that this event was not initiated by methane hydrate dissociation, although the ϳ0.5‰ negative excursion during peak warming (Fig. 3 ) may indicate a brief interval of methane release, possibly as a positive feedback to warming.
A transient increase in pCO 2 provides a plausible mechanism for high-latitude warming during the middle Eocene climatic optimum, but requires a major pulse of CO 2 release to the atmosphere over several 100 k.y. The early and middle Eocene was a period of extensive global plate reorganization. Several important tectonic events during chrons C20 and C19 (ca. 46-41 Ma) have been documented, including increased spreading rates between Australia and Antarctica, ridge extension and rifting of the Kerguelen Plateau and Broken Ridge, and cessation of spreading in the Wharton Basin northwest of Australia (Royer and Sandwell, 1989) . One possible mechanism for a transient increase in pCO 2 during the middle Eocene climatic optimun, therefore, is increased ridge or arc volcanism associated with the C20-C19 plate reorganization. Alternatively, metamorphic decarbonation reactions can also liberate significant quantities of CO 2 to the atmosphere (Kerrick and Caldeira, 1994) , and it is possible that atmospheric pCO 2 briefly increased during a pulse of metamorphism in the Himalayan orogen associated with the C20-C19 plate reorganization. The timing of metamorphic activity in this region, however, is not well constrained, and the age of the India-Asia collision is diachronous through the early to late Eocene (Rowley, 1996) .
CONCLUSION
Eocene-Oligocene stable isotopic data from Southern Ocean cores provide important stratigraphic and paleoceanographic information. Newly compiled isotopic data from Maud Rise and the Kerguelen Plateau show excellent agreement between sites, allowing the use of several isotopic tie points to correlate these sections. Significant short-term variability is observed in middle and late Eocene isotope records from the Indian and Atlantic sectors of the Southern Ocean. Notably, a distinct warming anomaly at 41.5 Ma (the middle Eocene climatic optimum) is observed in multiple records. This transient warming event in the late middle Eocene may have been related to global CO 2 -driven climatic changes.
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